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Introduction

The associations of major, minor, and trace elements in lignite-bearing strata of
the Fort Union Region present a challenge in understanding their geochemical
relationships and history. In an earlier work (1), the spatial patterns of
elemental distribution within a lignite-bearing sequence were examined and were
related to factors of accumulation of vast amounts of plant materials and to the
depositional and post-depositional influx of inorganic matter. Lignite-bearing
sediments, including the lignite, lignite overburden, and underclay, were sampled
from two beds, the Kinneman Creek and the Beulah-Zap, which are part of the Sentinel
Butte Formation of North Dakota. These samples were examined to determine the
spatial patterns of elemental distribution within the 1lignite seam, modes of
elemental occurrence, and organic/inorganic affinities of the inorganic
constituents.

The inorganic constituents within lignites from the Fort Union Region have been
classified as being very heterogeneous (2), which leads some investigators to
believe that the study of geochemical relationships is futile. The modes of
occurrences of the elements are generally similar from one mine to another within
the Fort Union Region lignites (3). The inorganic matter in the lignites is
distributed as adsorbed ions on the organic acid groups, coordinated species,
detrital minerals, and authigenic minerals. The distribution of elements is
determined by natural processes, and, therefore, is expected to be systematic even
though complex.

The methods to qualitatively identify the interrelationships of major, minor,
and” trace elements include examining the spatial patterns of distribution of
elements within a stratigraphic sequence (1), consideration of results of chemical
fractionation procedures (4), and evaluation of organic/inorganic affinities
(%,g). The spatial pattern of elemental distribution was correlated with the
chemical fractionation behavior, organic/inorganic affinities, and ionic potentials
of elements to infer the association or combination of associations an element may
have within these coals.

Methods and Procedures

The samples were collected from freshly exposed faces within open pit mines. The
lignite, lignite overburden, and underclay were collected from two pits at the
Beulah Mine where lignite is mined from the Beulah-Zap seam. Samples were also
collected from the Kinneman Creek seam in the Center mine. The sample collection
procedures have been summarized by Karner (7) and Benson (8). Bulk channel samples
were also collected and homogenized to provide large quantities for additional
experiments,

The lignite samples collected at various intervals within the stratigraphic
sequence were subjected to the following analyses: proximate, ultimate, heating
value, ash analysis, and trace element analysis by neutron activation analysis (NAA)
(9) and x-ray fluorescence (10). Minerals in the coal and the associated sediments
were determined by x-ray diffraction and by scanning electron microscopy and
electron microprobe analysis. A split from the bulk sample was examined by chemical
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fractionation to selectively extract inorganic constituents based on how they are
bound in the coal. Briefly, the chemical fractionation procedure involves
extracting the coal with 1M ammonium acetate to remove soluble and ion-exchangeable
inorganic components. The coal is subsequently extracted with 1M hydrochloric acid
to remove elements present as carbonates, oxides, or coordinated species. The
extracts and residues from the chemical fractionation procedure are analyzed by a
combination of NAA, XRF, inductively coupled argon plasma ({ICAP), and atomic
absorption spectroscopy (AA).

Results and Discussion

The major, minor, and trace element determinations along with locations within the
seams and lithology of the stratigraphic sequence are summarized in Tables I and II
for the Beulah coals. The data from Center Mine stratigraphic sequence was
summarized in a previous report by Karner and others (1).

In previous work (1), the spatial distribution of elemental constituents has
been described as fitting into several patterns: 1) concentration at one or both
margins, 2) even distribution, and 3) regular patterns. The various ways inorganic
constituents accumulated in the lignite during and after deposition affect where
certain elements will concentrate within the seam. The detrital constituents
carried in by wind and water will most likely be enriched near the margins of the
coal seam. Included in this group of inorganic constituents are clay minerals,
quartz, and volcanic ash. Solutions containing ions flowing through the lignite can
exchange with the coal matrix and precipitate as stable authigenic phases.
Inorganic constituents are also present in the original plant material that was
deposited. Even patterns of elemental distribution are characteristic of
organically bound elements. Irregular distribution patterns are characteristic of
concentrated occurrences of authigenic minerals.

Table 1 includes data from two seams within the south Beulah mine. Tabie II
summarizes the data from a high-sodium pit (Orange Pit) of the Beulah mine. The
Center mine data used in this work was reported by Karner and others (1).

In this study, the spatial patterns of enrichment and depletion of major,
minor, and trace elements have been expanded to include four categories: 1) even
distribution, 2) enrichment at margins (top, bottom, or both), 3) enrichment at the
center of the seam, and 4) irregular. The patterns of enrichment and depletion are
listed in Table III for Beulah and Center mine lignite seams.

The bulk coals were subjected to chemical fractionation analysis (3) which can
be used to categorize how a particular element is associated in the coal. The
elemental associations within the coal were divided into three categories: 1) ion-
exchangeable, 2) acid-soluble, and 3) residual. The elements are associated in the
coal in one or more of the groups described above. The categories for the elements
are listed in Table III.

The organic and inorganic affinities of elemental constituents have been
determined by a number of investigators (5,6). The relationship between the
concentration of an element in moisture-free coal and the ash content can be used as
a guide to the affinity of that element for, or incorporation in, the mineral matter
or the carbonaceous material. [If the concentration of an element increases with
increasing ash content that element may be characterized as being associated with
the inorganic species that form ash, or in other words may be said to have an
inorganic affinity. [If the concentration shows no correlation with ash content,
that element may be said to have an organic affinity. Linear least squares
correlation coefficients were calculated for the concentrations of the elements
versus the ash content. For example, organic and inorganic affinities for elements
from the Center mine indicate the following affinities. Seven elements - Na, Ca,
Mn, Br, Sr, Y, and Ba - had correlation coefficients below 0.200 and thus show
organic affinity in this suite of samples. An additional seven elements - Mg, K,
Cu, As, Rb, Ce, and Eu - had correlation coefficients ranging from 0.201 to 0.600
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and may be associated with both the carbonaceous and mineral portions of the coal.
The remaining 24 elements show inorganic affinity.

The ionic potentials of all the elements, Z/r, where Z is the ionic charge and
r is the jonic radius, are summarized in Table III. The donic potentials of
elements have a large effect on the association of the element in mineral-forming
processes (13). Elements having low ionic potential (Z/r <3), such as sodium,
magnesium, and calcium, associate as hydrated cations. Insoluble hydrolysates have
ionic potential of 3 < Z/r < 12, which include, for example, the elements aluminum,
silica, and titanium,

The elements displaying an even distribution within the coal seams have the
following characteristics: 1) ion-exchangeable, 2) organic affinity or both organic
and inorganic, and 3) ionic potential less than 3. The elements that are included
in this group are Na, Mg, Ca, Mn, Sr, and Ba. Slight variations in distribution
patterns and chemical fractionation behavior may be indicated; these generalizations
were made on the basis of average trends. The elements showing enrichment of the
margins in the lignite seams display the following characteristics: 1) chemical
fract ionation suggests association with the acid soluble and residue portions or, in
some cases, distribution in all three groups, 2) inorganic affinity, and 3) ionic
potential 3 < Z/r < 12. The elements that have these characteristics include Al,
si, €1, K, Sc¢, Ti, v, Cr, Co, Br, 2r, Ra, Cs, La, Ce, Sm, Eu, Yb, Th, and U. These
elements are primarily associated with detrital constituents. The elements that
have a random or irregular distribution within the coal seams, for the most part,
have the following characteristics: 1) chemical fractionation behavior which
suggests that the elements are insoluble and remain in the residue, 2) inorganic
affinity, and 3) formation by authigenic mineralization. The elements included in
this group are Fe, Ni, In, As, Se, Cd, and Sb. The irregular distribution of these
elements is the result of syngenetic and epigenetic mineralization in the formation
of sulfides. A1l of these elements have chalcophilic characteristics.

The possible associations of the elements included in this study are given in
Table IV which summarizes distribution patterns, chemical fractionation behavior,
organic and inorganic affinities, and ionic potential.
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TabTe TIT. Qualitative Geochemical Relatfonships Between Geochemical Properties and Elemental Distribution Within Seams

Distribution Within Lignite Seams at the Beulah Mine Distribution Within Lignite Seam at the Center Mine
eulah emi ca Chemical Tonic

Beulah Upper Lower Fractionation Fractionation Potent{al
Orange Pit Seam Seam Behavior Affinity Center Behavior* Affinity r
Na £ £ CE {3 Organic E 1E ‘Organic 1.0
Mg £ E E 1E NC E 1EX2AS NC 3.0
Al T-MA MA B-MA AS, RS Inorganic MA AS, RS Inorganic 5.9
Si T-MA IR E RS Inorganic MA RS Inorganic 9.5
P ] )3 B-MA ND Inorganic IR 0 Inorganic 14.3
S IR IR MA RS, 1E Organic MA RS, 1E Organic 17.1
ci £ E E ND NC B-MA N - Inorganic
K £ E E RS, AS tnorganic B-MA 1E, AS, RS Inorganic 0.13
Ca 3 CE E iE, AS NC E IE, AS NC 2.0
Sc ) M MA RS, AS NC MA AS, RS Inorganic 3.7
Ti T-MA 1R B-MA RS Inorganic B-MA RS lnorganic 5.9
v 13 MA B-MA AS NC B-mA AS, RS lnorganic 4.0
Cr A MA B-MA RS Inorganic B-MA RS Inorganic 4.8
Mn € T-MA T-MA AS, 1E NC E AS, 1E NC 2.5/6.7
Fe IR IR B-MA RS, AS Inorganic MA AS Inorganic 2.7/4.7
Co B-MA ND ND AS, RS Inorgantc MA AS, RS Inorganic 2.8
i R E MA RS Inorganic MA RS Inorganic 3.0
Cu R E B-MA NO Inorganic B-MA RS Inorganic 1.0/2.8 M
In R ND ND RS Inorganic MA D Inorganic .8872.7
Ge LY 0] ND NO N B-MA ND ND 2.7/1.5
As iR IR IR RS Inorganic MA RS KC 10.8
Se CE IR B-MA RS Inorganic B-MA RS, IE Inorganic 14.3 N
8r 8-MA MA CE N AC ND N0 Organic
Rb LY L] ND ND N IR RS, AS ND 0.68
Sr E N ND 1€ Organic E IE Organic 1.8 >
Y " Lol ND ND ND IR ND ND 3.4
ir T-MA ND ND RS ND MA ND Inorganic 5.1 R
Ru E E B-MA ND Inorganic B-MA ND Inorgantc 6.0
Ag R ND o N 0 MA [ Inorganic 2.2 \
cd o t E RS NC IR ND tnorganic .87/2.1
Sb R B-MA B-MA RS Inorganic B-MA AS, RS Inorganic 4,0 N
Cs T-MA B-MA B-MA RS Inorganic B-MA RS Inorganic 0.6
Ba E T-MA T-MA 1E, AS NC MA 1€, AS NC 1.5
La B-MA IR MA AS, RS Inorganic B-MA AS, RS Inorganic 2.6
Ce B-MA IR B-MA AS, RS Inorganic MA AS, RS NC 2.9
Sm MA MA 13 AS, RS Inorganic MA Inorganic 3.1
Eu MA MA MA AS, RS Inorganic MA AS NC 3.2
Yb A MA MA AS, RS NC MA Inorganic
Th T-MA MA B-MA RS Inorganic MA RS Inorganic 3.9 -
1] T-MA MA B-MA AS, RS Inorganic MA AS, RS Inorganic 4.2
Patterns of Distribution *Chemical Fractionation Behavior
E - Even Distribution 1E - lon-exchangeable A
MA - Enrichment at both margin AS - Acid soluble
T-MA - Enrichment at top margin RS - Remains in the residue |
B-MA - Enrichment at bottom margin NC - No Correlation 1
CE - Enrichment at the center of the seam ND - Not Determined 4
IR - Irregular N
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Table 1IV.

Association of Elements in North Dakota Lignites

Element

Possible Association

Na
Mg
Al
Si

Organically bound

Organically bound, carbonates

Clay minerals, possibly hydroxide or coordinated
Clay minerals, quartz

Organically bound, phosphates*, associated with rare
earth elements

Sulfides, sulfates, organically bound

Inorganic association

Associated with i1lite and other k-bearing minerals,
organically bound

Organically bound, carbonates

Inorganic association, clay minerals

Rutile, associated with quartz

Possibly has both an organic and inorganic association

Totally an inorganic association
Organically bound, carbonate minerals
Oxides, hydroxides, sulfides

Inorganic association, possibly sul fides
Inorganic association, possibly sulfides
Inorganic association, possible sul fides
Inorganic association, possible sulfides
Inorganic association, possibly sulfides
May have an organic association
Organically bound

Organically bound

Inorganic association, possibly carbonates
Zircon

Inorganic

Inorganic, possibly sulfides

Inorganic, possibly sulfides

Organic, sulfates

Detrital inorganic, phosphates*

Detrital inorganic, phosphates*

Detrital inorganic

Detrital inorganic

Detrital inorganic

Detrital inorganic

Detrital inorganic

*Monazite has been found in Beulah lignite samples (12).
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